INTRODUCTION
The generation of new neurons in the adult brain is required for certain aspects of learning, memory, and emotional processing Revest et al., 2009 ). Adult neurogenesis is driven by neural stem and progenitor cells (NSPCs) located in the hippocampus, and impairments to these cells are associated with human neuropsychiatric and neurodegenerative disorders (Hög-linger et al., 2004; Crews et al., 2010; Perry et al., 2012; Gomez-Nicola et al., 2014) . NSPCs are located in the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) and generate neurons that reside in the granule cell layer and integrate into the hippocampal circuitry (Gage et al., 1998; van Praag et al., 2002) . Cell extrinsic factors in the SGZ microenvironment critically regulate NSPC behavior and are produced both locally and from outside the niche. Cell extrinsic factors contributing to the NSPC microenvironment can be systemic factors delivered via blood vessels (Villeda et al., 2011 (Villeda et al., , 2014 Villeda and Wyss-Coray, 2013) or cerebrospinal fluid factors that cross into the subventricular zone (SVZ) niche at the ventricular surface (Silva-Vargas et al., 2016) . Factors delivered at these niche interfaces influence neural stem cell (NSC) maintenance and neurogenesis. These discoveries broaden the repertoire of signals that could influence the NSC niche and highlight how far these signals could travel.
Retinoic acid (RA) is a bioactive metabolite of vitamin A that is present in the NSPC hippocampal microenvironment with a well-established role in developmental neurogenesis (Maden, 2007) . While RA signaling is robust in the adult DG (Misner et al., 2001; Wagner et al., 2002; Goodman et al., 2012) , RA is not synthesized by neural cells in the rodent hippocampus (Goodman et al., 2012) . The meninges lining the ventral hippocampus express the retinol and retinal dehydrogenases required to produce RA and are the likely source of RA for the rodent hippocampus (Wagner et al., 2002; Goodman et al., 2012) . Several studies suggest an important role for RA in adult hippocampal neurogenesis but show conflicting results. For example, rats on a chronic vitamin A deficient (VAD) diet, which prevents RA production systemically, showed decreased SGZ cell proliferation and diminished neurogenesis (Bonnet et al., 2008) . Mice on a VAD diet also showed diminished neurogenesis (fewer proliferating neuroblasts, newborn granule cells, and neurons) but did not show reduced SGZ cell proliferation (Jacobs et al., 2006) . A third study showed multi-week exposure to exogenous RA diminished cell proliferation in SGZ (Crandall et al., 2004) . In addition to differing reports of RA's action on hippocampal NSPCs, no studies have looked at the cell-autonomous function of RA signaling in different NSPC subtypes and, as yet, there is no downstream mechanism for RA's action on NSPCs.
To examine the function of RA in adult neurogenesis, we disrupted RA synthesis systemically or RA signaling specifically in adult NSPCs. Our studies reveal an important role for RA in promoting NSPC proliferation through regulation of cell-cycle kinetics and cell-cycle proteins. We identified hypoxia inducible factor-1a (HIF1a) and its transcriptional target vascular endothelial growth factor-A (VEGFA) as key mediators of RA control of NSPC behavior. Our findings regarding RA are a significant departure from the dogma that RA acts mainly to promote neuronal differentiation and implicate RA as a hypoxia-independent regulator of HIF1a-VEGFA in the adult hippocampal niche.
RESULTS

RA Signaling in Adult Hippocampal NSPCs
To examine RA signaling in NSPCs we used adult RARELacZ reporter mice where b-galactosidase protein (b-gal) expression is driven by multiple copies of an RA response element (RARE) (Rossant et al., 1991) . b-gal+ cells indicate ongoing or recent RA signaling (b-gal protein is very stable, half-life of 24-48 hr; Gonda et al., 1989; McCutcheon et al., 2010) . Co-labeling of b-gal with NSPC subtype specific markers was used to assess active RA signaling in each subtype. NSCs (type 1) were identified as SOX2+/GFAP+ (Figure 1A) , type 2a progenitors were identified as SOX2+/ GFAPÀ/DCXÀ ( Figure 1B ), type 2b progenitors were identified as SOX2+/DCX+ ( Figure 1C ), and type 3 neuroblasts were identified as SOX2À/DCX+ ( Figure 1D ) (Ferri et al., 2004; Kempermann et al., 2004; Komitova and Eriksson, 2004; Suh et al., 2007 Suh et al., , 2009 Lugert et al., 2010; Bonaguidi et al., 2011; Ashton et al., 2012) . We observed 8.8% of type 1 stem cells, 13.6% type 2a progenitors, 16.7% type 2b progenitors, and 18.4% type 3 progenitors were b-gal positive ( Figure 1E , Table S2 ). Hence, at any given point, a portion of each NSPC subtype has RA signaling.
RA Stimulates NSPC Proliferation and HIF1a Mediates
This Effect In Vitro RA is well known to induce neuronal differentiation and, while recent studies implicate RA in regulating NSPC proliferation (Bonnet et al., 2008; Goodman et al., 2012; Takamura et al., 2017) , the effect of RA on adult hippocampal NSPC proliferation remains largely unexplored. We treated rat hippocampal NSPC cultures with vehicle, RA, or RA + pan-RAR antagonist for 24 hr then pulsed with 5-ethynyl-2'-deoxyuridine (EdU) to calculate the labeling index (LI) as a readout of NSPC proliferation. RA treatment increased the LI and this effect was blocked by pan-RAR antagonist co-treatment ( Figure 2A , Table S3 ). These data show RA is sufficient to stimulate hippocampal NSPC proliferation in vitro.
Based on published reports and our previous work with RA in developmental neurogenesis, we suspected that RA may increase adult NSPC proliferation by stimulating HIF1a and its downstream target VEGFA (Jin et al., 2002; Segi-Nishida et al., 2008; Mazumdar et al., 2010; Amati et al., 2010; Antequera et al., 2012; Fournier et al., 2012; Kirby et al., 2015; Mishra et al., 2016) . RA treatment of NSPC cultures increased HIF1a gene ( Figure 2B ; Table S3 ) and protein ( Figure 2C ; Table S3 ) expression, an effect blocked by pan-RAR antagonist treatment. Gene expression and protein levels of HIF1a target, VEGFA, showed a similar trend (Figures 2D and 2E ; Table S3 ). Treatment with actinomycin D (a transcriptional inhibitor) resulted in no significant difference in HIF1a gene ( Figure 2F ; Table  S3 ) or protein ( Figure 2G ; Table S3 ) expression between treatments. This suggests that RA likely increases HIF1a gene expression via transcription. We also tested if RA stimulation of HIF1a and VEGFA extended to astrocyte or neuronal cultures differentiated from NSPCs. RA did not alter HIF1a or VEGFA protein or gene expression in astrocytes, whereas neurons increased HIF1a and VEGFA in response to RA ( Figure S1 ; Table S1 ). Altogether, our data identify RA as a regulator of HIF1a and VEGFA in adult hippocampal NSPCs and neurons.
To test if RA increases NSPC proliferation via HIF1a, cells were treated with vehicle, RA, echinomycin (inhibits HIF1a transcriptional activity; Kong et al., 2005) , or RA + echinomycin. Echinomycin-and RA + echinomycin-treated cells showed significantly lower LI compared with vehicle (Figure 2H ; Table S3 ). We next tested if RA increases NSPC proliferation via VEGFA. VEGFA stimulates NSPC proliferation via its kinase receptor VEGFR2 (Schänzer et al., 2004) . We treated cells with vehicle, RA, VEGFR2 kinase inhibitor SU 5408, or RA + SU 5408. Cells treated with SU 5408 and RA + SU 5408 had a significantly lower LI compared with vehicle ( Figure 2H ; Table S3 ). HIF1a has many transcriptional targets therefore we tested if HIF1a increases NSPC proliferation via VEGFA. We treated cells with dimethyloxallyl glycine (DMOG) (to elevate HIF1a protein levels), SU 5408, or DMOG + SU 5408. DMOG stabilizes HIF1a protein by inhibiting prolyl hydrolase activity, an enzyme that promotes HIF1a degradation in normoxic conditions. DMOG increases HIF1a protein levels in hippocampal neurospheres (Chatzi et al., 2015) . DMOG treatment increased LI compared with vehicle-treated cells and this effect was blocked by SU 5408 co-treatment (Figure 2I ; Table S3 ). Altogether, these NSPC proliferation studies show (1) RA requires HIF1a and VEGFA signaling to increase NSPC proliferation in culture, and (2) VEGFA is likely the main target that mediates RA and HIF1a effects on cultured NSPCs in the treatment time periods (24 hr) used for these experiments.
RA Synthesis Is Required for Adult Hippocampal NSPC Proliferation via HIF1a
Our culture studies point to a key role for RA in stimulation of NSPC proliferation via HIF1a-VEGFA. Therefore, we tested the feasibility of using systemic manipulation of RA synthesis and HIF1a to test if RA is required for adult hippocampal NSPC proliferation in vivo. RARE-lacZ mice were treated with disulfiram (DS), a compound that blocks RA synthesizing enzymes and systemically decreases RA levels, including in the brain (Wagner et al., 2002; Wang et al., 2005; Xu et al., 2017) . A 3-day treatment of DS decreased SGZ-located b-gal+/SOX2+ cell number (putative NSPCs) ( Figure 3A ) but did not alter the number of b-gal+ Table S4 ). Possibly, the administration of DS for a short period of time affects NSPCs but not neurons or there is a difference in sensitivity between NSPCs and neurons to reduced RA levels. Along these lines, the dose of DS used is predicted to cause a moderate, $30%, decrease in RA levels in the brain (Xu et al., 2017) . Transcript expression of RA receptors (RARs) and retinoid X receptors (RXRs) in whole hippocampus, of which Rarb is a direct transcriptional target of RA signaling (de Thé et al., 1990) , were significantly decreased with DS ( Figure 3F ; Table S4 ). DS treatment did not alter the number of b-gal+ dying cells (identified by cleaved caspase3 labeling) in the SGZ ( Figures 3G, and 3H ). Using NSPC subtype specific markers, DS-exposed mice showed significantly reduced percentage of (1) Table S2 ).
Collectively, these data demonstrate DS treatment reduces NSPC RA signaling, thus validating it as a tool to test the role of RA in NSPC proliferation.
We next tested if systemic DMOG exposure could be used to elevate hippocampal HIF1a protein expression to test the function of HIF1a downstream of RA. Vehicle, DS, DS + DMOG, or DMOG injection regimens ( Figure 4A ) did not alter measured DG volume ( Figure 4B ; Table S5 ). DS treatment significantly decreased HIF1a and VEGFA protein levels (Figures 4C and 4D; Table S5 ), whereas cotreatment with DMOG significant increased HIF1a and VEGFA protein level compared with DS alone (Figures 4C  and 4D; Table S5 ). DMOG increased HIF1a and VEGFA protein levels compared with vehicle ( Figures 4C and 4D ; Table  S5 ). Taken together with DS and RARE-lacZ data, these data show (1) hippocampal HIF1a and VEGFA expression is dependent on RA synthesis and (2) systemic DS and DMOG exposure is effective to test RA and HIF1a pathways in adult hippocampal NSPC proliferation.
For our studies of RA-HIF1a in hippocampal NSPCs proliferation, mice were injected with vehicle, DS, DS + DMOG, or DMOG and the total number of NSPCs was quantified using the same subtype markers used for our RARE-lacZ analysis. DS-treated mice showed significantly decreased total number of type 1 stem cells, type 2b, and type 3 progenitors. Compared with DS-treated mice, DS + DMOG-treated mice had significantly higher numbers of each NSPC subtype. Compared with vehicle treatment, DMOG alone significantly increased type 1 stem cells and type 2a cells but not type 2b or type 3 (Figures  4E-4H; Table S5 ).
Decreased NSPCs numbers could result from either decreased NSPC proliferation or increased cell death. Total number of cleaved caspase3 positive cells was not altered across treatments (Figures S2A-S2E ; Table S1 ), indicating cell death is not a major factor. To quantify proliferation, mice were injected with EdU ( Figure 4A ) and EdU+ cells were observed in the SGZ in all treatments ( Figure 4I Table S1 ). An important caveat is DS and DMOG have long half-lives, possibly remaining in the system for 5-7 days post-injection. Altered RA or HIF1a could affect other stages of adult hippocampal neurogenesis (survival or maturation). Thus the effects on neurogenesis may not be entirely due to altered proliferation but are likely a major contributing factor.
RA-HIF1a Signaling Regulates NSPC Proliferation via
Regulating S-Phase Re-entry of NSPCs Diminished NSPC proliferation could result from impaired cell-cycle kinetics, including S-phase re-entry, cell-cycle length, or cell-cycle length exit. To quantify the rate of S-phase re-entry after completing a cell cycle, we utilized a published double thymidine analog approach (Brandt et al., 2012; Farioli-Vecchioli et al., 2014) (Figure 5A ). Tbr2 was used to identify intermediate progenitor (IP) cells (type 2a, type 2b) (Hodge et al., 2008; Roybon et al., 2009) , and DCX was used to label neuroblasts (NBs; type 3) (Brown et al., 2003) . Some Tbr2 positive cells are also DCX positive; however, the percentage is low (Hevner et al., 2006; von Bohlen und Halbach, 2011; Hodge et al., 2012) . Different NSPC markers were used to accommodate labeling of two thymidine analogs. We measured percentage S-phase (%S-phase) re-entry for each NSPC subtype ( Figure 5A ). DS significantly decreased %S-phase re-entry of stem cells. Treatment with DS + DMOG or DMOG significantly increased %S-phase re-entry compared with vehicle and DS-treated mice ( Figure 5B ; Table S6 ). Similar analysis with IPs showed a significant decrease in %S-phase re-entry with DS treatment. Though %S-phase re-entry of IPs was significantly increased in DS + DMOG-treated compared with DS-treated mice, DMOG alone did not significantly alter %S-phase re-entry ( Figure 5C ; Table S6 ). We observed a similar trend in DCX+ NBs ( Figure 5D ; Table S6 ). Taken together, our data indicate RA-HIF1a signaling is required for S-phase re-entry of NSPCs in the adult hippocampus and points to impaired S-phase re-entry as an underlying cause of decreased NSPC proliferation seen in DS-treated mice.
RA-HIF1a Signaling Regulates G1-S Transition of NSPCs
We next tested if decreased S-phase re-entry is due to impaired G1-S transition during cell-cycle progression.
We quantified gene expression of G1-S positive regulators Cyclin D1 (Lange et al., 2009; Artegiani et al., 2011) , Cyclin D2 (Kowalczyk et al., 2004; Garthe et al., 2014) , CDK4 (Lange et al., 2009; Artegiani et al., 2011) and CDK6 (Beukelaers et al., 2011) , and G1-S negative regulators p21
Cip1 (Pechnick et al., 2008 ) and p27 Kip1 (Doetsch et al., 2002; Qiu et al., 2009; Andreu et al., 2015) in whole hippocampus of vehicle-, DS-, DS + DMOG-, and DMOG-treated mice. Ccnd1 and Ccnd2 gene expression did not show any difference across treatments. Expression of Cdk4 and Cdk6 was significantly decreased in DS-treated mice. DS + DMOG treatment increased Cdk4 and Cdk6 gene expression compared with DS-treated mice. DMOG-treated mice showed significantly higher Cdk4 and Cdk6 gene expression compared with all treatments ( Figure 5E ; Table S6 ). Gene expression of p21 Cip1 was unaltered across treatments ( Figure 5F ; Table S6 ). These data demonstrate impaired RAHIF1a signaling alters gene expression of positive and negative regulator of G1-S transition. We reasoned if there was decreased G1-S transition as suggested by our data thus far, we might observe prolonged G1 length in NSPC subtypes. To test this, we used an established double labeling protocol (Brandt et al., 2012) to measure S-phase length (TS) and total cell-cycle length (TC) of all NSPC types. Using this analysis, we obtained estimates of G1 and G2/M lengths using previously described calculations (Brandt et al., 2012; Fischer et al., 2014) . Our analysis identified elongated G1 phase and cell-cycle length of stem cells but not IPs or NBs in DS-treated mice. G1 and cell-cycle length of stem cells significantly decreased in DS + DMOG-treated compared with DS-treated mice. DMOG treatment significantly decreased G1 and cell-cycle length in stem cells compared with vehicle. IPs had no significant difference in G1 or cell-cycle length. However, G1 length and cell-cycle length of NBs was significantly longer in DS + DMOG-and DMOG-treated mice compared with vehicle-treated mice ( Figure 5G , Table S6 ). Collectively, our data point to RA-HIF1a regulating G1-S transition of NSPCs via control of G1-S cell-cycle regulators. Furthermore, our data indicate stem cells are potentially more responsive to this pathway compared with other NSPCs subtypes.
Impaired RA-HIF1a Increases Cell-Cycle Exit of Stem Cells Decreased S-phase re-entry could result from NSPCs increasing cell-cycle exit. To test this, we used an EdU pulse-chase assay then labeled sections with EdU and Ki-67, which identifies all proliferating SGZ cells (Figure 5H) . DS treatment significantly increased cell-cycle exit in stem cells. Cell-cycle exit of stem cells in DS + DMOG-and DMOG-treated mice were comparable with vehicle but significantly lower than in DS-treated mice (Figure 5I ; Table S6 ). Cell-cycle exit of IPs ( Figure 5J ; Table S6 ) and NBs ( Figure 5K ; Table S6 ) was not significantly altered in any treatments. Taken together, our data point to RAHIF1a as required for cell-cycle re-entry of stem cells that are already in the cell cycle. Conceivably, impaired G1-Sphase transition increases cell-cycle exit and, presumably, a premature return to quiescence in this population.
RA Signaling Functions Cell Autonomously in NSPCs
to Control Proliferation DS effects are systemic; therefore, we cannot make firm conclusions about the cell-autonomous function of RA signaling in NSPCs as DS may alter non-NSPC hippocampal cell types. To examine a cell-autonomous role of RA signaling in NSPCs, we utilized tamoxifen-inducible Nestin-CreERT2 (Nes-CreERT2; Lagace et al., 2007) with a conditional, dominant-negative RARa allele (dnRAR403-flox; Rosselot et al., 2010) to disrupt NSPC RA signaling in the adult NSPCs ( Figure 6A ). Nestin-CreERT2+/À;Ai14-fl/+ mice were designated as control animals and NestinCreERT2;Ai14-fl/+;dnRAR403fl/+ were designated as mutant animals. Recombined NSPCs were identified by tdTomato expression, a red fluorescent protein (RFP) expressed in Cre recombined cells. Disrupted RA signaling in recombined NSPCs reduced the total number of RFP+ cells in the SGZ (Figures 6B-6D ; Table S7 ). This reduction was not due to increased cell death, as shown by no change in RFP+/cleaved caspase-3+ cells (Figures S3A and S3B ; Table S1 ). Additionally, there were no macroscopic changes in hippocampal morphology, as shown by no significant difference in the measured DG volume (Figures S3C Table S7 ). This analysis shows that NSPC RA signaling is required for maintaining proper NSPC number. We quantified the percentage of RFP+/EdU+ cells in the SGZ of control and mutant mice. Mutants had significantly lower %RFP+/EdU+ cells in the SGZ compared with controls (Figures 7A-7C ; Table S8 ). We also observed mutants had significantly lower %RFP+/ EdU+ stem cells (Figures 7D-7F (Figures 7J-7L ; Table S8 ). These data show that disrupting NSPC RA signaling diminishes cell proliferation of all hippocampal NSPCs subtypes.
We next tested if HIF1a and VEGFA gene expression and protein levels are altered in the hippocampus of mutant animals. We observed a significant reduction in HIF1a and VEGFA gene (Figures 7M and 7O ; Table S8 ) and protein (Figures 7N and 7P ; Table S8 ) expression in mutants compared with controls. However, we used whole hippocampus; therefore, further studies are required to show that disruption of NSPC RA signaling alters NSPC HIF1a and VEGFA. We next looked at gene expression of G1-S transition positive and negative regulators in whole hippocampus from control and mutant mice. We did not observe any significant difference in the gene expression of G1-S transition positive regulators ( Figure 7Q ; Table S8 ) or (legend continued on next page) G1-S negative regulator p21 cip1 ( Figure 7R ; Table S8 ). We observed a significant increase in expression of a negative regulator of G1-S transition, p27 kip1 ( Figure 7R ; Table S8 ).
Taken together, our data suggest that NSPC RA signaling regulates HIF1a-VEGFA and, possibly, affects NSPCs proliferation by inhibiting p27 expression. Of note, we used RNA isolated from whole hippocampus for gene expression analysis. Cell-cycle regulator gene expression would only be predicted to be affected in a small percentage of cells in the sample. Therefore, detection of gene changes just in recombined NSPCs could be difficult, leaving open the possibility that Cdk4/6 are affected in mice with conditional disruption of NSPC RA signaling.
DISCUSSION
RA has a vital role in adult hippocampal function and here we describe a previously unknown, cell-autonomous function for RA signaling in adult NSPCs. We find systemic disruption in RA synthesis causes a decrease in NSPC numbers and proliferation. We show impaired NSPC proliferation is due to elongated cell-cycle length, decreased S-phase entry, and increased cell-cycle exit; this was coincident with changes in cell-cycle regulators that would prevent G1-S-phase transition and push cells out of the cell cycle. We identify HIF1a as a target of RA signaling in adult hippocampal NSPCs and a major mediator of RA's effects on NSPC proliferation. Finally, using conditional disruption of RA signaling in adult NSPCs, we show that RA signaling functions cell autonomously to regulate NSPC proliferation and, potentially, HIF1a and VEGFA expression. These discoveries are a significant shift from the traditional view that RA primarily promotes neuronal differentiation. Many studies have looked at RA signaling activity in the hippocampus and its functions in hippocampal neurogenesis and circuitry (reviewed in McCaffery et al., 2006; Shearer et al., 2012) . Despite this, no studies have specifically looked for RA signaling in NSPCs, and studies of RA's effects on NSPCs are conflicting. Some studies conclude that RA promotes hippocampal neurogenesis by increasing neuronal differentiation of NSPCs and improving survival of newly born neurons (Crandall et al., 2004; Jacobs et al., 2006; Goodman et al., 2012) . If this were its only function, the expectation might be that RA signaling would be limited to type 3 neuroblasts that are the cusp of neuronal differentiation and newborn neurons. However, using NSPC specific markers, we show active RA signaling in type 1 stem cells, type 2a and type 2b IPs, and type 3 neuroblasts. Our studies do not rule out functions for RA in neuronal differentiation and neuronal survival. Instead, they show that RA's effects are much broader than previously appreciated and include roles in promoting NSPC proliferation. Studies using VAD to systemically reduce RA levels have suggested an important role for RA in promoting NSPC proliferation, reporting decreased EdU+ cell number in the hippocampal SGZ in VAD rats (Bonnet et al., 2008) . Our work provides a more complete and nuanced picture of RA's effects on NSPC subtype proliferation. For example, though all NSPC subtypes have decreased numbers and EdU incorporation when RA synthesis is blocked, only type 1 stem cells have an elongated G1 phase. Further, our S-phase re-entry analysis shows that proliferating NSPCs are much less likely to re-enter the cell cycle when RA levels are reduced. This observation, along with our data showing decreased expression of G1-to-S-phase regulators and increased expression of cell-cycle inhibitor p27, strongly point to RA promoting proliferation of NSPCs through modulating expression of cell-cycle regulators.
To begin to identify a mechanism of action for RA signaling on NSPC proliferation, we worked from our studies of RA in brain development, where we showed that RA increased VEGFA in neocortical progenitors (Mishra et al., 2016) and follow-up studies identified a parallel increase in protein and transcript of VEGFA regulator, HIF1a. HIF1a is a potent transcriptional regulator of VEGFA (Pagès and Pouysségur, 2005) and RA has been shown to increase HIF1a (Fernández-Martínez et al., 2011 Liang et al., 2014) . Importantly, HIF1a is implicated in regulating hippocampal NSPC behavior (Mazumdar et al., 2010) . Studies of HIF1a regulation and activity in adult NSC niches point to niche hypoxia as the main regulator of HIF1a expression. NSC niches are hypoxic and have increased HIF1a stabilization (Mazumdar et al., 2010; Roitbak et al., 2011) , and hypoxia is sufficient to induce cell proliferation in HIF1a-dependent cultured SVZ NSPCs (Qi et al., 2017) . Our studies identify RA as a hypoxia-independent regulator of HIF1a in adult hippocampal NSPCs, likely working in parallel with hypoxia in the NSC niche. Most importantly, our rescue experiments using DMOG to restore HIF1a demonstrate that HIF1a is likely the primary mediator of RA's effects on NSPC proliferation. Our animal and culture data point to HIF1a target VEGFA as a key mediator downstream of RA. Hippocampal NSPCs express and (M-R) Graphs depict quantification of HIF1a (M) gene (RT-PCR) and (N) protein (ELISA) expression in whole hippocampus of indicated genotypes. VEGFA (O) gene and (P) protein expression in whole hippocampus. Gene expression of (Q) G1-S positive and (R) negative regulators. Data represented as mean ± SEM, *p % 0.05, **p % 0.01, ***p % 0.001, n = 3.
release VEGFA, which acts as an NSPC mitogen (Kirby et al., 2015) . Conditional deletion of Vegfa in adult hippocampal NSPCs results in decreased NSC numbers and proliferation, pointing to a key role of niche produced VEGFA in NSC maintenance (Kirby et al., 2015) . WNT-b-catenin signaling is implicated downstream of HIF1a in regulation of stem cell proliferation (Mazumdar et al., 2010) . However, studies using embryonic NSPCs point to hypoxia inducing WNTb-catenin activity independent of HIF1a (Braunschweig et al., 2015) , thus further studies are needed to probe this connection.
Systemic manipulation of RA synthesis or HIF1a stabilization has the potential to affect all cells in the hippocampus. We show RA has a stimulatory effect on HIF1a and VEGFA expression in hippocampal neurons differentiated from NSPCs but not astrocytes. However, it is unclear if hippocampal neurons are a significant source of VEGFA for the niche, regulated by RA or other signals, since VEGFA-GFP reporter studies did not detect reporter activity in hippocampal granule cells (Kirby et al., 2015) . The dose of DS used appears to only partially reduce RA synthesis and, thus, RA levels in the hippocampus such that only the NSPCs showed a decrease in RA signaling, whereas the number of granule cells with RA signaling was unchanged. However, RARE-lacZ activity is only one measure of RA signaling and neuronal RA signaling could still be impaired in hippocampal granule cells by DS. This is important as RA has important functions in granule cell synapse plasticity and hippocampal circuitry Maghsoodi et al., 2008; Jiang et al., 2012) , and neuronal activity is a major stimulant of NSPC proliferation (reviewed in Pineda and Encinas, 2016) . Also important to consider is effects on the vascular niche. HIF1a and VEGFA, impaired by DS treatment, regulate blood vessels in NSC niches (Roitbak et al., 2008; Li et al., 2014; Licht et al., 2016) . The strongest support we have for RA acting directly on NSPCs is our data (1) showing RA signaling in NSPC subtypes and (2) showing conditional disruption of RA signaling in adult NSPCs decreases proliferation and HIF1a and VEGFA expression. Demonstrating a cell-autonomous effect of RA in hippocampal NSPCs is important for future studies understanding the mechanism of RA's effect on proliferation. However, it is equally important to understand the impact of systemic decreases in RA or RA signaling on the whole hippocampus and how this could affect neurogenesis. This is especially valuable information for evaluating RA therapeutics used to treat cancer (Chakrabarti et al., 2016) or in clinical trials for neurological disorders like Alzheimer disease (Shudo et al., 2009; Fukasawa et al., 2012; Chakrabarti et al., 2016) and to better elucidate the impact of chronic deficiency of vitamin A on the brains of millions of people worldwide Stoney and McCaffery, 2016; Wirth et al., 2017) .
EXPERIMENTAL PROCEDURES
Animals
Mice were housed in specific-pathogen-free facilities approved by Assessment and Accreditation of Laboratory Animal Care and were handled in accordance with protocols approved by the Institutional Animal Care and Use Committee. Mice were housed under a 12 hr light/dark cycle and were given food and water ad libitum. All mouse strains used in this study and chemicals administered via intraperitoneal injections are listed in Table S1 .
Tissue Collection and Processing
Mice were anesthetized with sodium pentobarbital (40 mg/kg) and perfused with 0.1 M PBS followed by 4% paraformaldehyde (PFA). Brains were harvested and postfixed overnight in 4% PFA at 4 C and then cryoprotected with 20% sucrose in PBS at 4 C. Brains were frozen in optimal cutting temperature compound and 40 mm cryosections were obtained for all experiments.
Immunohistochemistry
Brain sections were subjected to heat mediated antigen retrieval using citric acid (pH 6) for 15 min and blocked with 10% lamb serum for 1 hr at room temperature. Sections were incubated overnight at 4 C with primary antibodies listed in Table S1 . Sections were washed in PBS and incubated with species-appropriate fluorophore conjugated secondary antibodies (AlexaFluor, Invitrogen 1:500) for 2 hr at room temperature before mounting. For some experiments, sections were counterstained with DAPI (1 mg/mL).
In Vivo Cell Proliferation Analysis
For cell proliferation analysis, mice were injected with EdU (150 mg/kg) five times every 2 hr over 10 hr on the day of collection as previously described (Morshead et al., 1998) . Brain sections were immunostained with a combination of markers to identify NSCs and progenitors cells. Click-iT 647 Imaging Kit (#C10340, Thermo Fisher Scientific) was used to detect EdU. Percentage of proliferating cells was determined as total EdU+ stem or progenitor cells divided by the total stem or progenitor cell population. Description of cell-cycle analysis is provided in Supplemental Information.
Imaging and Stereological Analysis
Brain sections were imaged using confocal microscopy using a Zeiss 780 laser scanning microscope. Single-plane confocal images and Z stacks were obtained to image cells immunostained with combination of markers. Cells labeled with marker(s) to identify NSPCs and various thymidine analogs were counted throughout the rostro-caudal extent of DG using one in every six series of 40 mm coronal sections as previously described (Lagace et al., 2007 (Lagace et al., , 2010 . The total number of cells in all experimental groups was normalized to volume of DG analyzed. Volume of DG was calculated as previously described (Lagace et al., 2007 (Lagace et al., , 2010 . Briefly, area was calculated by tracing the outline of each blade of DG in each section. Subsequently, areas of all the sections were added and multiplied with section thickness (40 mm) and inverse of sampling fraction (six) to obtain DG volume analyzed. We analyzed three animals (n = 3) per treatment condition or genotype for all imaging based analysis.
Hippocampal NSC Cultures and Cell Proliferation Assay
Adult rat hippocampal NSCs (#SCR022, Millipore) were seeded onto poly-L-ornithine and laminin coated 24-well plates as a monolayer culture. Cells were cultured in NSC expansion medium (#SCM009, Millipore) containing DMEM/F12; B27 supplement; 2 mM L-glutamine; and 13 penicillin, streptomycin, and fungizone. Culture medium was supplemented with basic fibroblast growth factor (20 ng/mL) to maintain cells in the undifferentiated state. All chemicals and their concentrations used in cell culture experiments are listed in Table S1 . Following 24 hr treatment, NSCs were incubated with 10 mM EdU for 3 hr. Cells were fixed with 4% PFA, washed with 13 PBS, and permeabilized with 0.5% Triton X-100. EdU incorporation was detected according to manufacturer's instructions (Click-iT EdU Alexa Fluor 647 kit). Post-EdU detection, cells were incubated overnight with anti-SOX2 and nuclei were labeled with DAPI. LI was calculated as EdU+/ SOX2+/total SOX2+ cells. All measurements were performed using ImageJ software on a minimum of ten 203fields per coverslip. Three independent experiments (n = 3) were analyzed for all treatments.
Statistical Analysis
To detect statistically significant differences in mean values between two groups, Student's t test was used. For analysis that compared more than two groups, a one-way ANOVA with Tukey's post hoc analysis was used to detect statistically significant differences between treatment conditions using pairwise analysis. The SEM is reported on all graphs. Results from all experiments are provided in Tables S1, S2 , S3, S4, S5, S6, S7, and S8. 
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